ABSTRACT
Introduction
Until the 80s of the last century, serological and protein electrophoresis techniques were applied to display the diversity of blood group and polymorphic proteins. it turned out that these markers have shortcomings and are not informative enough. In this respect, the significant difficulties in determining the individual identity of bodily secretions, e.g. semen, saliva, vaginal content, etc., and the mixing of organic fluids from two or more persons led to uncertainty and a relatively low probability of identification (25) .
crimes against people and, in particular, sexual violence, a highly dangerous social act, are a significant social and legal problem in the practice of judicial systems worldwide. identifying and proving sexual intercourse, which, in forensic investigations, is performed by DnA analysis of collected biological traces, whether the assault has been committed with or without ejaculation, is in many cases a difficult but not insoluble genetic problem (2, 29) .
the widely used techniques for collecting DnA traces by taking smears with cotton or nylon fabric swabs, as well as by cutting out of small sections of materials which carry organic traces, are classical (27) and there is still no well-established competitive alternative. cotton swabs are routinely used in the practice of examining women who have been a victim of sexual assault, and vaginal and/or anal smears are necessarily taken (21) . on the same occasion, techniques for a penis rub of those suspected of having committed a sexual assault can be applied (13) .
it is well known that, if no sperm is found in the vaginal or anal content of those who have suffered a sexual assault, this does not rule out the possibility of them having suffered such an offence (39) or a manual penetration. it is in such cases that the studies of collected evidence focus on the search for epithelial cell biological material deposited on it (24) .
Research on DnA typing can also be successfully performed on material from vaginal swabs on glass holders in the form of native microscopic preparations (12) , even in cases of negative cytological results from sperm tests. Results of studies on this topic show that the analyses can prove successful if the samples have been taken within 48 hours to 8 days after a sexual offense, and that, within this time span, sperm can be found in material from oral and anal swabs (26, 39) . Some authors report successful DnA typing of smears fixed with ethanol, stained with different techniques and fixed with conditioner resins (8) .
DNA profiling can be successfully conducted in the study of biological material isolated from condoms, even when the cytological results are negative for the presence of sperm. in practice, certain biochemical tests, including detection of acid phosphatase activity (AP) and prostate-specific antigen (PSA) (6, 32, 33) , are used for identification of seminal components. Because of many well-known reasons a negative cytological result cannot exclude the presence of male DnA in the analyzed samples (38) . there are reports for successful detection of the activity and presence of the prostate semen enzyme desoxyribonuclease i (Dnase i) in samples from traces of semen in forensic cases involving azoospermic or oligospermic men. Dnase i activity was found in samples containing sperm (31) and urine, and high proteochemical and enzymological similarity was described. this research approach, however, gives positive results mainly in the case of clear traces of semen characterized by minimum contamination with vaginal secretions (36) . A method which is good for identification of the male cell structure is fluorescence in situ hybridization (FISH). The goal is identification of male cells with nuclei or spermatozoa (5, 6) .
Since a sufficient quantity of cells with nuclei can be collected, a series of experiments have focused on the development of a reliable technique for qualitative and quantitative extraction of biological material from cotton swabs, while avoiding contamination with the victim's DnA. Variant models, among which the so-called 'double swab technique' for detecting and collecting cellular material stands out, have been applied on corpses and donor material (40) . the double swab technique is recommended in cases of small amounts of available cells, partially degraded DnA or compromised integrity of the skin surface.
In many cases of sexual offense, it is very difficult to obtain sufficient and suitable material for DNA analysis because it is collected from highly destructive environments, especially after deposition of sperm in the anus, where it is decomposed by bacterial enzymes, or in the mouth, where it is destroyed by saliva enzymes (23) . other potential obstacles to collecting genetic evidence are spermicide agents or oral contraceptives used, menstruation or vaginal inflammation (32) .
the question about the advantages of using both classical approaches for extracting DnA from post-coital samples, differential lysis (10, 16, 17, 43) or direct organic extraction of DnA (30, 41) from all the gathered biological material, is still under discussion. Various modified methods for DNA extraction (7, 15, 24, 28) which aim to improve the quantity and quality of the extracted DnA and to minimize the loss of biological material during the separation of the male component from the female one in mixed samples (3, 22) , have been developed.
Genotyping low copy number (lcn) DnA samples by PcR of StR loci is a method used when a small amount of DnA (approximately <100 pg) (2, 18) is available. this method uses an increased number of cycles in the PcR reaction, which usually leads to disbalance of some heterozygous loci. And the lack of balance allows amplification of a specific allele when a limited number of matrix molecules is available and carries the risk of obtaining two different results from one sample (42) . Problems in the interpretation of DNA profiles obtained by LCN methods may arise from allelic drop-out, allelic insertion (18, 19, 20) and the real possibility of sample contamination (37) .
this study is focused on the great opportunities that PcR provides, using fragmented DnA analysis (11, 14, 32, 34, 35) , for genetic profiling based on autosomal and Y-chromosomal genetic markers, even in the case of only a minimum quantity of biological material remaining on evidence already used for investigation. it is exactly the collection of a maximum quantity of DnA with good quality from vaginal and anal swabs which have initially been tested unsuccessfully that presents a serious scientific and practical challenge.
Materials and Methods
the study was based on a group of 65 cases of rapes of women with subsequent killing of four of the victims. the initial studies conducted on 92 vaginal and 41 anal/rectal smears from these cases were unsuccessful and did not lead to the genetic profiling of the perpetrators of sexual assault. the tested samples were taken within 6 h to 52 h after sexual assault committed on women aged 16 to 78. to derive DnA profiles from the two groups of anal and vaginal swabs, we applied extraction and amplification strategies and a set of 17 autosomal markers, one X and 12 Y-chromosome genetic markers with the core group of markers set in the United States combined DnA index System (coDiS) - Table 1 . We used classical techniques for collecting biological material from the vaginal and anal smears, consistent with the supposed deposition of organic material (epithelial cells, parts of or whole spermatozoa) in the areas of already investigated cotton swabs, as well as on their wooden or plastic handles. Considering the fact that during the initial research a significant part of the fabric of cotton swabs was "lost", we sought alternative approaches and areas for collection of preserved biological material.
Following unsuccessful initial serological and DNA studies of the anal and vaginal swabs, much of the area of the cotton swabs had been cut off and lacked. our goal was to establish proof of sexual contact with sufficiently accurate and conclusive DNA fingerprints of stored cellular material both from remnants of cotton swabs and from their handles, which were made of two types of material: wood (75 samples) or plastic (58 samples). the swabs with wooden handles studied by us were eURotUBo invasive collection swab ce 0318 (Deltalab S.l.U., SPAin) and the swabs with plastic handles were cotton tipped Applicator, Plastic shaft, 1 pc, ctA90004 (Biolab ZRt., hungary).
We analyzed the remnants of cotton fabric from swabs, of which 92 from vaginal smears and 41 from smears from anal/rectal areas of women who had been victims of sexual violence.
After an initial analysis and risk assessment, we selected the approach for direct extraction of DnA from post-coital samples and refrained from using techniques for differential lysis, with which valuable quantity and quality of stored DnA could be lost.
In the first stage of the study, we used the approach of extracting DnA from post-coital traces on the samples from the cotton residues of swabs. the handles of cotton swabs were analyzed with the same set of genetic markers by two approaches for collection of biological material. In the first approach, we made smears from wooden and plastic handles with the double swab technique, as described by Sweet (40) . this method uses a two-stage treatment of organic traces which involves a rub of the suspected area with a swab dipped in sterile water, and moderate pressure. After rubbing the same area with a dry sterile cotton swab to absorb water from the first swab, the two samples were mixed together. In the second approach, we used sterile scalpels to cut whole fragments, 2.5 cm in length, from the cotton swab handles. these fragments were cut from the middle third of the handles, from areas adjacent to those already rubbed, and were placed in separate 1.5 ml eppendorf tubes.
Samples of buccal mucosa or blood smears taken from women who had reported sexual abuse and from men suspected of sexual assault were used for comparative DNA profiling. In 15 of the presented cases, no male suspects had been indicated.
DNA extraction
in order to extract and eventually isolate DnA from the swab samples and isolate DnA from buccal mucosa smears from the compared persons, we applied an FBI forensic report provided by LIFE TECHNOLOGIES (Debra Nickson, technical services; 29.01.97). We used Stain extraction Buffer containing: 0.01 mol/l tris, 0.01 mol/l eDtA, 0.1 mol/l nacl, 0.039 mol/l Dtt, 2 % SDS. the buffer was poured over the finely cut material from the remains of the cotton swabs, the smears from the handles, and the fragments cut from the handles, and Proteinase K (25 mg/ml) was added. After incubation for 18 h at 56 °c, organic (phenol) extraction (phenol:chloroform:isoamyl alcohol = 25:24:1) was performed. DnA precipitation was carried out with absolute alcohol cooled to -20 °c. the extracted DnA was dissolved in 50 μL TE Buffer (10 mmol/L Tris.Cl, 0.1 mmol/L EDTA) for subsequent storage at -20 °c. During the extraction procedure, the samples from handle fragments were additionally processed by constant mechanical shaking and double centrifugation to the step of organic (phenol) extraction. the samples to be compared, i.e. blood from the tested victims and suspected perpetrators, were processed for DnA isolation according to the Promega corporation technical manual (1) . the genomic DnA extracted from the swabs and their handles varied from 90 pg/μL to 750 pg/μL, and from 7 ng to 9 ng in the rest of the samples. DnA quantitation was performed using the slot-blot procedure (44) .
The samples with DNA concentration below 350 pg/μL were not further purified to avoid the risk of losing genetic material, since purification could result in low yields of DNA below the critical minimum of about 100 pg for fragment analysis. At the same time, a procedure for concentration and purification with NucleoSpin (Clontech, CA, USA) was carried out for part of the samples.
Amplification and typing
Polymerase chain reaction (PcR) was conducted on a 200 Peltier thermal cycler (MJ Research, USA) in two-, threeand quadriplex PCR amplifications. The PCR mixtures were 12.5 μL in volume, containing 4 μL to 5 μL of template DNA (360 pg/μL to 3.75 ng/μL) for swab samples and swab handle samples and 1 μL (7 ng/μL to 9 ng/μL) for each of the other samples; 1X Buffer, 1. (4, 9) .
the following standards were used: internal standardsAMel 106 bp and h16401-l16110 347 bp, external standard Sizer 50-500 (Amersham Pharmacia Biotech) and sequenced allelic ladders for relevant StR markers (9) kindly provided by the national laboratory of Molecular Pathology at University Hospital of Obstetrics and Gynaecology, Sofia, Bulgaria (45).
Results and Discussion
In the first phase of this study, the PCR products from remnants of already tested cotton swabs were analyzed by electrophoresis and laser detection. however, peaks above the baseline level were not obtained for most of the studied autosomal StR markers in 119 out of 133 samples. the peaks that were visualized in the target loci were distinct low peaks, very low peaks impossible to report, and a series of peaks probably resulting from nonspecific products. For some of the shorter autosomal and Y chromosome StR markers there were peaks above the baseline level in eight of the remaining 14 samples. From these eight samples, we derived one full genetic profile on the basis of 13 STR markers and partial profiles (up to 8 STR markers) from the other seven samples. Further, we analyzed the origin of these eight samples and found that six samples were from vaginal smears, and only two from anal swabs (with only one partial profile). The obtained results show that the DnA in the tested biological material was of poor quality and/or, most likely, that its quantity was insufficient, with a concentration below the critical minimum (data not shown).
in the second phase of the study, we analyzed 133 samples from swab handles rubbed with the double swab technique: 58 plastic handles (42 of which from vaginal swabs and 16 from anal/rectal swabs) and 75 wooden ones (50 of which from vaginal swabs and 25 from anal/rectal swabs). eight full genetic profiles based on 13 STR markers and 12 partial profiles were derived from 20 of the 133 samples, by electrophoretic analysis and laser detection of PcR products. the additional analysis of the origin of these 20 samples showed that 15 samples were from the series of vaginal smears taken from handles made of plastic, and only five were from anal swabs (with two full and three partial profiles derived). Full profiles were derived from five out of 16 samples from plastic swab handles, and from three out of four samples from wooden handles. The full profiles derived from plastic handles were four from vaginal swabs and one from a rectal swab. the three full profiles derived from wooden swab handles were from one anal swab and two vaginal swabs. Partial profiles were derived from 11 out of 16 samples from plastic handles, and from one out of four samples from wooden handles. The partial profiles derived from plastic swab handles were nine from vaginal swabs and two from anal swabs. Only one partial profile was obtained from the wooden swab handle from an anal swab. in 101 of the 133 tested samples we did not obtain informative amplification products and were not able to derive the genetic profiles. In 12 of these 133 samples, we found evidence of mixed genetic profiles with expressed artifact products, allele drop-outs and stochastic effects, preventing any interpretation of the results (Fig. 1) .
We obtained extremely interesting results from the third group of samples, i.e. whole fragments (2.5 cm) from the wooden swab handles. the series included 75 samples, of which 50 from vaginal swabs and 25 from anal/rectal swabs. the electrophoretic analysis and laser detection of these PcR products revealed distinct peaks above the baseline for both autosomal and Y chromosome StR markers in 27 samples. in the target loci of 11 samples, there were separate very low peaks impossible to report or a series of peaks probably resulting from non-specific amplifications or indistinguishable mixed profiles. In the remaining 37 samples of the tested material, no peaks above the baseline level were differentiated for any of the tested StR.
Nine genetic profiles of 13 STR markers and 18 partial profiles were derived from the 27 samples described above. One full and one partial mixed profile of two men were differentiated in two of the studied samples (one vaginal and one rectal swab). When we further analyzed the origin of these 27 samples, we found that 20 samples were from vaginal swabs and seven were from anal swabs (with two full profiles and five partial ones derived). The distribution of the derived full profiles from these fragments was: seven from vaginal swabs and two from anal swabs. the number of the derived partial profiles from wooden handles was 13 from vaginal swabs and five frThe analysis of the 2.5 cm fragments from the plastic swab handles revealed distinct peaks above the baseline both for autosomal and Y chromosome StR markers in 13 out of 58 samples (42 from vaginal swabs and 16 from anal/rectal swabs). Separate very low peaks impossible to report and a series of peaks probably resulting from nonspecific amplifications or undifferentiated mixed profiles were visualized in the target loci in six of the samples. Peaks above the baseline were not differentiated for the tested StR markers in the remaining 39 samples of the investigated material. Four genetic profiles of 13 STRs markers and nine partial profiles were derived from the above-mentioned 13 samples. two full mixed male profiles were differentiated from one of the tested samples (a vaginal swab). Based on their origin, 11 of these 13 samples were from vaginal swabs, and two were from anal swabs (with one full and one partial profile). Full profiles were derived from three of the 42 analyzed fragments from plastic swab handles of vaginal swabs and from one out of the 16 anal/ rectal swabs. The distribution of the partial profiles derived from plastic handles was the following: eight partial profiles from vaginal swabs and one from an anal swab. the results are shown in Fig. 2 .
the obtained results illustrate the target localization of stored biological material which was not extracted during the initial studies. The identified full, partial and mixed genetic profiles refer to male DNA profiles different from those of the women from whom the vaginal and anal/rectal smears were taken.
the technique used by us for collection of biological material from 2.5 cm fragments from the wooden handles from vaginal smears gave twice as many full genetic profiles (14 %, 7/50) as the same technique from plastic swab handles (7.14 %, 3/42). the results obtained from the wooden fragments of anal/rectal smears (8 % full profiles, 2/25) were also better than those from plastic fragments (6.25 %, 1/16). these data show an average rate of 10.87 % for derived full genetic profiles from all the 92 re-tested vaginal swabs and 7.32 % for derived full genetic profiles of all the 41 re-tested anal/rectal swabs.
The higher success rate (in terms of full profiles) achieved by investigation of the 2.5 cm fragments from wooden swab handles than that achieved with the plastic fragments can be explained with the presence of pores in the timber. A larger amount of cellular material is likely to be deposited in the wood pores than on the smooth plastic surface. it is in the pores of the wooden handles that the desired biological material (mainly epithelial cells) is stored and preserved. At the same time, it could be speculated that the timber helps the rapid drying and storage of biological materials by extracting the aqueous phase from the organic mixture. thus, the destructive influence of the bacterial colonies developing in the vaginal and anal/rectal secretions, and more precisely, the action of bacterial enzymes, could be limited. the use of the double swab technique for collecting biological material from the plastic handles of vaginal swabs showed better results in terms of full genetic profiles (9.52 %, 4/42) compared with those obtained from the wooden swab handles rubbed using the same technique (4 %, 2/50). For the tested anal/rectal smears, the indicators for wooden fragments were 4 % (1/25) and for plastic fragments 6.25 % (1/16). these data indicate an average rate of 6.52 % full genetic profiles derived from all 92 re-tested vaginal swabs and 4.88 % full genetic profiles derived from all re-tested 41 anal/rectal swabs. these results suggest that most of the available cellular structures cannot be collected by simply rubbing the porous surface of the wooden swab handles, probably because the epithelial cells get pushed inside the pores of the wood at the time of rubbing. this effect is overcome to a large extent when rubbing smooth surfaces such as swab handles made of plastic.
the obtained results from the third series of investigations, i.e. on samples from remnants of the cotton tips of already analyzed vaginal and anal/rectal swabs, are understandable. The low percentage of genetic profiles derived from these samples was most likely due to total exhaustion of the biological material in the initial studies or to the fact that the few remaining single cell structures were insufficient in quality and quantity for conducting PcR and DnA fragment analysis.
the choice of the organic phenol:chloroform:isoamyl alcohol (25:24:1) technique for direct DnA extraction showed very good results, having in mind the small amount of DnA deposited on the remnants of cotton swabs and on their handles. however, it is possible that other extraction techniques may also give good results in similar experimental studies.
Mainly multiplex PcR procedures were applied by us, having in mind the expressiveness of autosomal and Y chromosome markers in the analysis of biological material extracted from the evidence. It proved difficult to derive DNA profiles based on autosomal genetic markers in samples from cases in which over 20 hours had passed between the estimated time of the intercourse and the time of reporting. in successful cases, there was an underrepresented background of artifact products and a slight heterozygous disbalance in autosomal loci. Specific STR markers could allow to derive DNA profiles, overcoming the effect of DNA loss during the unsuccessful initial studies, which is quantitatively unpredictable because of the different conditions of taking and examination of biological material. on the other hand, the allele peaks can have a critically low level compared to the baseline of reporting if there are only single epithelial cells from the perpetrator (in sexual intercourse without the release of semen, in oligo-or azoospermic men) and in investigations using markers and autosomal localization. the peaks are also likely to be obscured and not identified in mixed male and female material with prevalent female component, as well as in cases of insufficient purification from inhibitors. this effect is due to the fact that there was only a minimal amount of epithelial cells from the perpetrator or of DnA matrix material from single or disintegrated spermatozoa in the analyzed samples, although presence of such had not been reported during the initial studies. It is usually very difficult to test samples containing a minimum quantity of mixed genetic material from more than two men. Differentiation of their profiles is possible in case they are from different ethnic groups and the frequencies of their alleles in the studied loci carry opposite characteristics.
What is of great importance for the success of DnA studies is the timely removal of the material and its proper storage until testing. the collection of carrier objects on which the transmission and deposition of material from sperm and/ or epithelial cells is possible, is of great value, but a key detail in their analysis is the type and structure of the tracepreserving surface. this task cannot always be accomplished, since sexual assault can be committed in places that cannot be localized, the biological traces found could be contaminated with foreign DnA or they may not have been taken with the proper technique and within the appropriate time period.
Some of the common difficulties that can be expected with traces taken from the anal/rectal areas of victims are the objective impact of microorganisms in fecal material as well as the availability of a small amount of genetic material suitable for testing. in such cases, it is possible to derive partial and incomplete DNA profiles of persons involved in the crime, which gives a low incrimination index. these results raise the question of the minimum possible number of genetic markers for deriving a DNA profile. We believe that genotyping of biological traces on material evidence and a smaller number of loci is valuable for crimes committed in countries with wellformed and well-studied ethnic groups, and can help to narrow the circle of suspects through screening.
the present study revealed the characteristics of the combined genotypes of 14 examined and compared males. this enabled the differentiation of their combined DNA profiles according to the corresponding autosomal and Y chromosome StR markers and of the results from the biological material on the swab handles. the applied working model with the use of whole 2.5 cm fragments from handles of vaginal and anal/rectal swabs allowed to derive basic combined DNA profiles of the respondents according to autosomal and localized Y StR markers. this was possble, in spite of the unsuccessful amplification of some of the autosomal genetic markers in a high percentage of the samples taken over 20 hours after the act of violence.
the results show that, if the physical evidence carries the least suspected minimum amount of biological material, and especially in cases of unsuccessful initial testing, the material should be examined by direct DnA extraction, whereas the use of differential lysis should be considered risky. Such a decision is justifiable in order to prevent the loss of biological material and to avoid the possibility of contamination with traces of foreign genetic material. if this is not possible, a part of the trace could be taken beforehand and appropriate storage under suitable conditions should be provided. this would reduce the risk of failure of the tests.
the obtained results raise the question of whether it could be considered advisable to apply the approach and technique for DnA isolation from whole fragments from the handles of vaginal and anal/rectal swabs and, in particular, from those made of wood, even at the stage of initial study. the focus of this discussion is on the detection and collection of sufficient quantity and good quality DnA for deriving DnA genetic profiles, rather than on the advantages of using autosomal and/ or Y multiplex amplification approaches and electrophoretic reporting of results. this is particularly important in cases of initially unsuccessful DnA and serology tests, aiming at detection and typing of male DnA from the offender. to achieve this goal, it is important to carefully assess and localize the predilection sites for deposition of genetic material in the course of taking vaginal and anal/rectal smears. the results of this study show that the material from which the used swab handles are made and, in particular, the presence of micropores and microcracks in wooden handles, plays an important role in the success of the tests.
the standard gynecological techniques for taking vaginal samples rely on the fact that swabs could reach the uterine cervix. Biological material from the vaginal contents is collected with circular rubbing motions. At the same time, such material is also rubbed onto the handle of the swab, where it is deposited mainly on its middle third. it is exactly in these areas of the handle that biological material from the entrance of the vagina can be collected. the logic behind the technique and execution of smears in the anal/rectal area of the victims is similar. In our opinion, the specificity in these cases is that biological material deposited around the anal sphincter can be collected on the handle of the swab. it could be supposed that in this anatomic region the destructive influence of fecal microorganisms would be more limited, unlike that in materials collected from inside the rectum, where this destructive influence is unquestionably expected. Thus, in practice, the percentage of successful DNA profiling of perpetrators of sexual crimes could increase, which is supported by our results. the results obtained in our study provide encouraging initial data about a successful approach for collecting biological material from physical evidence and another opportunity to increase the percentage of successful DNA profiling when testing vaginal and anal/rectal swabs.
Conclusions
Based on the results from this study, we present an alternative practical approach to collecting the maximum amount of remaining biological material deposited on swab handles to conduct repeated tests of vaginal and anal/rectal smears. the practical approach applied by us yielded a further increase in the overall rate of successful DnA typing of approximately 14 % for vaginal smears and 8 % for anal/rectal ones.
in the technique we used, a whole fragment of the wooden swab handles is analyzed and continuous mechanical shaking of the samples is applied, leading to the release of cellular structures collected and stored in the pores of the wood. it is these micropores that seem to play the role of a collector and most probably preserve the material from adverse external (mechanical and physicochemical) effects. At the same time, it could be speculated that the timber helps the rapid drying and storage of biological materials by extracting the aqueous phase from the organic mixture. Thus, the destructive influence of the bacterial colonies developing in the vaginal and anal/rectal secretions, and more precisely, the action of bacterial enzymes, could be limited.
To achieve optimum results in DNA profiling, it is important to properly localize the presumptive sites for deposition of genetic material and select an appropriate technique for isolation of biological material from the physical evidence.
